The influence of the natural ͑or artificially induced͒ structure of a geomaterial on its compression behavior is investigated. An approach for modeling this influence for various structured geomaterials is proposed by using the disturbed state concept. An isotropic compression model is formulated on three basic assumptions. A special version of the proposed model is also described for situations where the compression is one-dimensional. The proposed compression model is used to simulate the behavior of a variety of structured geomaterials such as clays, sands, calcareous soils, clay-shale, soft rock, unsaturated soils, and soils artificially treated by adding chemical agents or mechanical reinforcement, and the model is evaluated on the basis of these simulations. A general discussion on the influence of the structure of geomaterials on their mechanical properties is also presented.
Introduction
The compression behavior of geomaterials has always been a topic of investigation in geotechnical engineering, because many field problems are analyzed solely on the basis of soil properties obtained from compression tests ͑Pestana and Whittle 1995͒. For example, the great majority of settlement calculations for geotechnical structures is made based on the coefficient of compressibility of the soil layers beneath the foundations ͑Butterfield and Baligh 1996͒. In current geotechnical practice, the compression properties have been studied by classifying geomaterials into several groups and treating them separately. The major groups are: ͑1͒ clays with or without structure ͑e.g. , Burland 1990; Liu and Carter 1999͒ ; ͑2͒ sands and gravels prepared as laboratory samples in various ways ͑e.g., Hardin 1987; Pestana and Whittle 1995͒; ͑3͒ calcareous soils with or without structure ͑e.g., Coop and Atkinson 1993; Mao and Fahey 1999͒ ; ͑4͒ rock; ͑5͒ geomaterials artificially treated either by the addition of mechanical reinforcement or by adding chemical agents ͑e.g., Olson and Mesri 1970; Carter and Airey 1994͒; and ͑6͒ unsaturated soils ͑e.g., Machado and Vilar 1997; Habibagahi and Mokhberi 1998͒. Modeling the compression behavior of geomaterials is, in reality, very complicated because of the wide ranges involved in two major variables of the materials found or used in engineering practice. One is the variation in material composition, i.e., grain size and mineralogy. The other is the variation in the structure of the geomaterial, i.e., the arrangement and bonding of the constituents. Structure is defined here in a very broad sense in that it encompasses all features of a geomaterial that are different from those of the material with the same mineralogy at a selected reference state. Therefore, the geomaterial structure and its influence, as defined in this paper, are relative quantities and depend on the selected reference state. The removal of geomaterial structure is commonly referred to as destructuring, and destructuring due to stress excursions is usually an irrecoverable and progressive process.
The disturbed state concept ͑DSC͒ proposed by Desai ͑Desai 1974 , 1995 , 2001 Desai and Toth 1996͒ describes the response of any material by relating it to the responses of that material at two reference states. It thus provides a powerful theoretical framework for studying the behavior of a structured geomaterial by using knowledge of the properties of the material at these reference states. Liu et al. ͑2000a͒ performed a primary study on modeling the compression behavior of structured clays. It was demonstrated that the DSC framework provides a useful method for describing the diversion of the behavior of a structured clay from that of the corresponding reconstituted material.
The study described in this paper is a further development of the previous work. A general disturbance function is proposed. Based on this proposed disturbance function and three other assumptions, a general compression model is formulated. Compared with the previous model for structured clays, the new model is capable of describing the behavior of a much wider range of structured geomaterials such as clay, sand, gravel, calcareous soil, soft rock, unsaturated soil, and reinforced and cemented soils. The proposed method is verified with available experimental data. A general discussion on constitutive modeling that includes the influence of the structure of geomaterials is also given.
Summary of Disturbed State Concept

Disturbed State Concept
The essential idea of the DSC is that the response of a material to variations in both internal and external conditions can be described in terms of the responses of the material at two reference states, namely, the ''relatively intact'' state ͑RI͒ and the ''fully adjusted '' state ͑FA͒ ͑Desai et al. 1996 Desai and Toth 1996; Desai 2001͒ . The observed response of the material is then related to the responses at the reference states through the disturbance function, which provides a coupling and interpolation mechanism between the response of the material in the RI and FA states.
The most general form of the basic incremental equation for the DSC in terms of strain, is as follows:
where i j represents the strain tensor; the superscript a indicates quantities associated with the observed or actual material response; the superscript c indicates quantities associated with the response of the fully adjusted material; and the superscript i indicates quantities associated with the response of the relatively intact material. D is a scalar disturbance function relating the actual material response to the responses of the material at the two reference states. D indicates specifically the disturbance function for strain quantities.
General Stress-Strain Equations Based on Disturbed State Concept
A brief summary of the work by Liu et al. ͑2000a͒ is given here. For modeling the influence of geomaterial structure, the fully adjusted state is the material at a selected reference state. For example, the reference state for clay is usually selected as the clay in the reconstituted state. The relative intact state is chosen to be the ''zero state,'' i.e., the state with no response to stress ͑a perfectly rigid material͒. In this case, i j i ϵ0, so after some manipulation of Eq. ͑1͒, the following general equations are proposed:
where 
In this paper, the compression behavior of geomaterials with various structures is modeled, and only Eq. ͑2͒ is of concern. Application of the disturbed state concept for modeling the shearing behavior of many different types of engineering materials such as metals, concrete, and geomaterials can be found in the literature ͑e.g., Desai and Toth 1996; Desai 2001͒ .
Selection of Reference States
A great advantage of the disturbed state concept is that it allows flexibility in choosing the reference state behavior according to the practical problem of interest and the knowledge available, including the material response in laboratory and field tests. In this study, the influence of geomaterial structure is defined as the difference in the mechanical behavior between the structured material and the material at a selected reference state. Consequently, the influence of material structure is a relative quantity and is dependent on the selected reference state. Theoretically, there is no restriction on the selected reference state, but because it is employed as a basis for modeling the behavior of a material with structure, it is rational that the state chosen for the reference behavior should be one that has been relatively well studied, and simple.
For cohesive soil such as clay and some calcareous soils, the reference state is normally selected as the behavior in the reconstituted state. However, for noncohesive materials such as sands and gravel, there has yet to be defined a standard method to reconstitute the material, and the terms ''reconstituted sand'' and ''reconstituted gravel'' have little meaning in geotechnical engineering. Within the DSC framework, the reference state may be selected by considering the convenience of solving a practical problem. For example, for geomaterials artificially treated, such as by mechanical reinforcement or by adding chemical agents, the material without artificial treatment may be selected as the reference state. However, it should be realized that in this case the structured material and the material at the reference state are not of the same composition. In this paper, the properties of a geomaterial at the reference state are called the reference properties, and are denoted by the symbol * attached to the relevant symbols.
Disturbed State Concept Compression Model for Structured Geomaterials
Proposed Model
There are three basic assumptions in the proposed general DSC compression model, and these are discussed as follows.
Assumption 1: The compression behavior of a geomaterial is divided into two regions in stress space by the current yield stress, i.e., an elastic region and a virgin yielding region. The initial yield stress before loading is determined by the initial structure of a geomaterial. During virgin yielding the current yield stress increases, and its value is equal to the current mean effective stress. The current yield stress remains constant for deformations within the elastic region.
A material idealization of the compression behavior of a structured geomaterial, based on Assumption 1, is illustrated in Fig. 1 Therefore, the current yield stress for a structured geomaterial is dependent on the initial material structure as well as the stress history. The initial yield stress is determined by the material structure, and its value is likely to be due to the processes that formed the soil during its geological history. Assumption 2: During purely elastic behavior, the deformation of a geomaterial is independent of the material structure.
Based on the available experimental evidence ͑e.g., Bjerrum 1967; Wallace 1973; Hight et al. 1992; Burland et al. 1996͒ , it is recognized that Assumption 2 is an approximation. Its validity will be examined later when predictions of the elastic behavior of geomaterials made using the proposed model are presented.
Based on Assumption 2, the compression behavior of a structured geomaterial can be described as
A consequence of this assumption is that the elastic behavior of a structured geomaterial is the same as that of the material at the reference state.
Assumption 3: During compression loading, the disturbance function D v for a geomaterial with a given structure varies with the current yield stress only and can be expressed by the following equation:
where b and r are parameters describing the effect of compression disturbance on geomaterial behavior. For a geomaterial with a given structure b, r and p y,i Ј are constant.
The disturbance function proposed in this paper is a generalized form of the equation used by Liu et al. ͑2000a͒ , and this new function is assumed to be valid for a wide range of structured geomaterials including clays. It can be seen from Eq. ͑8͒ that the value of D v approaches 1 as the yield stress p y Ј increases. The proposed model therefore predicts that, with increasing mean effective stress, the magnitude of the compression strain increment of a structured geomaterial is convergent to that of the material at the selected reference state.
Based on the preceding three assumptions, the following simple compression equation is obtained for structured geomaterials:
The relative simplicity of Eq. ͑9͒ is attributed to the hierarchical nature of the disturbed state concept. Knowledge of the behavior of a geomaterial at the selected reference state has been absorbed as the starting point for modeling the deformation of the structured geomaterial.
Special Case
It is usually convenient to substitute the vertical effective stress v Ј for the mean effective stress pЈ when describing onedimensional compression behavior. Consequently, the general Eq. ͑9͒ can be modified for one-dimensional behavior and written as
where v
Јϭvertical effective stress; vy,i Ј ϭinitial vertical yield stress associated with the initial material structure; vy Ј ϭcurrent vertical yield stress; and b v ϭdisturbance parameter corresponding to one-dimensional compression conditions. It is assumed that parameter r is the same as that in Eq. ͑9͒. It may be noticed that this assumption implies the following constraint on the stress state in the soil during a compression test:
Condition Eq. ͑11͒ is the definition of pure compression loading and may only be satisfied approximately for one-dimensional compression tests. The definition of the vertical yield stress vy Ј is similar to p y Ј . Its value also varies with stress history.
The advantage of this substitution is that the behavior of a structured soil during one-dimensional compression can be modeled in terms of the vertical effective stress only; thus, the difficulty in determining the values of the horizontal effective stresses is avoided.
Parametric Study
The influence of parameters b and r is demonstrated in this section. In order to be specific, it is assumed that the behavior of a geomaterial at the reference state is described as follows:
• Virgin isotropic compression line ͑ICL͒: e*ϭ1.8Ϫ0.1ln pЈ; • Elastic behavior, i.e., unloading behavior: de*ϭ Ϫ0.02(dpЈ/pЈ); • Initial yield stress: p y,i Ј ϭ100 kPa; and
• Initial state of the material: pЈϭ10 kPa and eϭ2.5. The behavior of the geomaterial under isotropic compression from 10 to 10,000 kPa is simulated.
In order to demonstrate the influence of parameter b, the material parameter values listed in Table 1 were employed for simulation. The results of these simulations are shown in Fig. 2 .
For a structured geomaterial that sustains a higher voids ratio than the material at the corresponding reference state, the following features are seen: 1. The higher the value of parameter b, the more compressible the structured geomaterial during virgin compression. 2. Theoretically, with increasing stress the volumetric strain increment for the structured geomaterial approaches that of the material at the reference state for rϾ0. This point can be seen from Eq. ͑9͒ or ͑10͒. For the situation illustrated in Fig.  2 , the compression lines of the structured geomaterial with different values of b and r are parallel when the compressive stress is large. 3. As can be seen from Fig. 2 , the simulated e -pЈ curves of the structured geomaterial are not necessarily asymptotic to the curve for the material at the reference state. However, it is found that through adjusting one of the model parameters, b or r, such asymptotic behavior can be simulated. In the latter situation, it is demonstrated that there is in reality only one independent variable in the disturbance function. In order to demonstrate the influence of parameter r, the material parameter values listed in Table 2 were employed for simulation. The results of these simulations are shown in Fig. 3 . In all except three cases ͑i.e., with rϭ0 and bϭ0.2, rϭ0 and bϭ1, and rϭ0.5 and bϭ7), the values of parameters b and r are chosen in such a way that, as the stress increases, the behavior of the structured geomaterial approaches that of the material at the reference state. For a structured geomaterial that sustains a higher voids ratio than the material at the corresponding reference state, the following features are seen: 1. The higher the value of parameter r, the quicker the reduction in influence of structure on the compression response with increasing stress. It can also be seen from the format of compression Eq. ͑8͒ that the difference in the volumetric deformation between the structured geomaterial and the material at the reference state reduces with the increase in r.
For the simulation with rϭ100 the influence of material structure on the compression behavior is diminished almost immediately; i.e., the soil structure is destroyed almost immediately upon loading. 2. There is a special case, i.e., rϭ0,
ϭconstant, where the volumetric strain for the structured geomaterial is not asymptotic to that of the material at the reference state. For the situation simulated, the compression behavior of the structured geomaterial is linear in the e -ln pЈ space. 3. For the cases where the behavior of a structured geomaterial is asymptotic to that of the material at the reference state, the value of b increases with r.
Experimental Evaluation Background
The proposed compression model has been applied to the behavior of many different types of structured geomaterials, including structured and reconstituted clays, fissured clays, sands, rocks, calcareous soils, soft rocks, unsaturated soils, and soils artificially treated by chemicals and by the inclusion of reinforcement. The behavior of twenty-two different geomaterials is considered here, and the results of a total of forty-nine tests on structured geomaterials are reported. The sources of data and details of the compression tests as well as the model parameter values identified for them are listed in Table 3 . The selected reference state for each case is also listed in Table 3 , and a detailed examination of the behavior of a geomaterial at the selected reference state is given in the following section. In Table 3 The reference state behavior of the selected geomaterials is also listed in Table 3 . Generally, for clays with and without fissures and calcareous clays, the behavior of the corresponding reconstituted clay was chosen as the reference state behavior. For geomaterials such as sands, crushed rock, and soft rock, the reference state behavior was chosen according to the available data, usually the behavior exhibited by the sample with the minimum voids ratio. For artificially treated soils and unsaturated soils, the reference state behavior was chosen according to convenience. For example, in modeling the behavior of sand reinforced by nonwoven geotextiles, the behavior of the sand without reinforcement was chosen as the reference state behavior. The value of the initial yield stress is not influenced by the selection of the reference state behavior. However, the inferred influence of material structure obviously depends on the selected reference state behavior, and so, therefore, do the values of parameters b and r.
The reference state behavior of a structured geomaterial has also been simulated for cases where that behavior can be represented by known theories. For other geomaterials, the behavior for the structured material has been determined based on both theory and experimental data, because in these cases the strain increment at the reference state, i.e., d v c , was measured directly from the experimental data. The second type of computation still serves as a useful method to validate the proposed model, because the focus of the model is on the determination of the behavior of the structured geomaterial based on the behavior of the material at the reference state and the proposed disturbance function. The behavior of some geomaterials in unloading and reloading was also investigated. The unloading and reloading behavior was simulated in cases where the swelling and reloading behavior is linear either in the voids ratio and stress level space or in the voids ratio and the logarithmic stress level space.
For the predictions presented here, the model parameters ( p y,i Ј or vy,i Ј , b or b v , and r) have been determined directly from the experimental data, employing the techniques described previ- ously. Therefore, the simulations may be described as ''Class C1'' predictions, according to the classification scheme proposed by Lambe ͑1973͒. The stress units adopted here are kilopascals ͑kPa͒. The model predictions for the structured geomaterials are represented on the figures by dark solid lines, and those at the reference state are represented by dark broken lines. Experimental data for structured geomaterials are represented by solid circles or squares, and those at the reference state are represented by open circles. The experimental data are linked by thin solid lines for some tests in order to illustrate clearly the stress paths followed in these tests. For most predictions, the selected initial yield point may also be seen on the plots from the sharp change in the theoretical curve.
Reference State
The influence of geomaterial structure has been defined as the difference in the mechanical behavior between the structured material and the material with the same mineralogy at a selected reference state. Consequently, the model parameters b and r are relative quantities and are dependent on the selected reference state. In the simulations, eleven clays, including calcareous clay, and one clay-shale were examined, and the corresponding reconstituted materials were selected as the reference state. It was found that for eight of the soils the virgin compression behavior could be described by the following well-known equation ͑see Figs. 4, 5, 6, 8, 10, 11, 15 , and 23 as well as For the other ten geomaterials, a simple equation for the behavior of the geomaterial at the selected reference state was not found. Therefore, the behavior of the structured clay was calculated using Eq. ͑9͒ or ͑10͒ and the behavior of the material at the reference state was directly measured from the experimental data.
Evaluation
Of the 22 groups of test results considered here, the mean effective stresses were reported for eight groups. Therefore, Eq. ͑9͒ was employed to simulate the behavior of the geomaterials in these eight groups. These results are shown in Figs. 7, 8, 13, 15, 16, 18, 21, and 24 . The other fourteen groups of tests were one dimensional compression tests and only the values of the vertical effective stress were reported. Hence, Eq. ͑10͒ was employed for these simulations. The experimental data and simulations for this group of tests are plotted in Figs. 4, 5, 6, 9, 10, 11, 14, 17, 19, 20, 22, 23, and 25 . Considering that the simulations cover a very wide range of geomaterials, material structures, and loading variations, it is seen that the proposed DSC compression model provides a very satisfactory description of the behavior of structured geomaterials under virgin yielding. It is also seen that the assumption that deformation of a geomaterial is elastic for stress excursions below the current yield stress and the assumption that elastic deformation is independent of the material structure appears to be an acceptable approximation. These simulations cover the following wide range of geomaterial behavior:
1. The types of geomaterials include clays from very soft to very stiff states, clay and clayshale with fissures, sands of different mineralogy, crushed rock, calcareous clay and sand, soft rock, clays artificially treated by adding lime or adding chemicals, sand reinforced by geotextiles, and unsaturated and compacted soil. For reinforced soils and soils artificially treated, the structured geomaterial and the material at the selected reference state do not possess precisely the same mineralogy. For unsaturated soil, the mechanisms governing the behavior of a geomaterial may be very different from those of a fully saturated soil or a completely dry soil. However, it is seen that the proposed model provides a reasonable approximation of the behavior of these two geomaterials. 2. The forms of the structure of geomaterials include the following varieties: structures of natural geomaterials found in situ, structures formed artificially in the laboratory, and the structure of natural geomaterials that have experienced some destructuring. Taking sand as an example, the structure of laboratory samples of sand is mainly dependent on sample preparation methods. The following sample preparation methods are included in the simulations: sand pluviated from different heights, sand sedimented in water, moist sand placed by hand, sand densified by vibration, and sand reinforced by geotextiles. Ishihara ͑1993͒ has provided details of the water sedimentation method and the moisture placement method. 3. The loadings considered here include both monotonic loading and cyclic loading. Simple stress reversals and multiplecyclic loading are included. A very wide range of stress variation is also included. For examples, the stress varies from 100 to 830,000 kPa for the test on Cambria sand ͑Fig. 12͒, and from 0.01 to 520 kPa for the test on clay treated by lime ͑Fig. 22͒. For the test on a fissured clay-shale, there are seven cycles of large stress reversal and the stress varies from 10 to 5,300 kPa ͑Fig. 11͒. 4. Except for 11 tests on four different materials, the proposed compression model gives highly accurate simulations. The model gives only an approximate representation of the compression behavior for the other 11 tests. They include four tests on alluvial marine clay ͑Fig. 7͒, one test on fissured clay-shale ͑Fig. 11͒, two tests on kaolinite treated by chemicals ͑Test 20a and Test 20c in Fig. 23͒ , and four tests on unsaturated soil ͑Fig. 25͒. For Tests 20a and 20c ͑Fig. 23͒, the range of stress variation is from 2.5 to 3,000 kPa. However, the model gives a reasonably good simulation of the soil behavior for the stress variation from 2.5 to 250 kPa. For the variation of stress from 250 to 3,000 kPa, the model gives only an approximate description of the compression behavior.
Discussion
Comparison with Previous Studies
The new disturbance function proposed in this paper, Eq. ͑8͒, is a generalization of the disturbance function proposed by Liu et al. ͑2000a͒ . The previous disturbance function is suitable only for describing the compression behavior of clays. It has been demonstrated that the generalized disturbance function suggested here provides a unified framework for modeling the influence of various structures on the compression behavior of a range of geomaterials.
In the compression models for clays proposed earlier by Liu and Carter ͑1999, 2000͒, the voids ratio for a structured soil, e, was expressed in terms of the corresponding voids ratio for the reconstituted soil, e*, plus the additional voids ratio sustained by the soil structure, ⌬e. Hence eϭe*ϩ⌬e
The main feature of Eq. ͑14͒ is the additional voids ratio sustained by the soil structure, ⌬e. A surprising finding is that the mathematical form for ⌬e is the exactly the same as that for the disturbance function proposed here. The expression for ⌬e proposed by Liu and Carter ͑2000͒ is as follows: where ⌬e i ϭadditional voids ratio at pЈϭp y,i Ј ; and cϭmodel parameter. It may be seen that two different methods are employed to solve the same problem: the compression behavior of structured soils. Eqs. ͑8͒ and ͑15͒ are of the same mathematical form. Because one describes the volumetric strain increment and the other describes the additional voids ratio, clearly the two models are not mathematically equivalent. This may be seen from the definition of the volumetric strain, d v ϭde/(1ϩe) .
From an examination of a large body of experimental data, some of which have been reported in this paper and the earlier papers by Liu and colleagues ͑Liu and Carter 1999; Liu et al. 2000a , b͒, it is concluded that the compression model based on the disturbed state concept, generally speaking, has a higher accuracy and can cover a wider range of geomaterial behavior than the models formulated in terms of the additional voids ratio. For example, the compression behavior of stiff clays shown in Figs. 8 -10 can be described by the proposed DSC model with rϭ1. However, the same clay behavior cannot be described by the model given by Eq. ͑15͒ with cϭ1.
Models based on the concept of quantifying an additional voids ratio have the advantage of being straightforward and relatively simple. A major difference in the two approaches is as follows. Unlike models based on additional voids ratio, the behavior of the structured geomaterials predicted by the DSC compression model may not be asymptotic to that of the selected reference material behavior ͑Fig. 2͒. It has been reported that the final state for some geomaterials under both monotonic shearing and compression, particularly the value of the final voids ratio, may not be independent of the material structure ͑Huang and Airey 1994; Chandler 1997, 2000; Fearon and Coop 2000͒ . Thus, asymptotic behavior may not be valid for these materials. The DSC compression model has the capability of describing the behavior of this type of material.
Parameters r and b
As may be seen from Eq. ͑8͒, the volumetric strain increment for the structured geomaterial approaches that of the material at the selected reference state with increasing stress level. The rate of approach is dependent on the value of parameter r. Of the 49 tests considered, the value of r adopted was in the range 0рrр1 in all but four tests on three types of soils. The exceptions are two tests on Cambria sand with rϭ1.5 ͑Fig. 10͒, one test on a calcareous clay ͑Fig. 18͒ with rϭ25, and one test on kaolinite treated with a calcium solution. An exceptionally high value of r was found for the calcareous clay, i.e., rϭ25, indicating that the volumetric strain increment of the structured calcareous clay rapidly reduces to that of the corresponding reconstituted soil as virgin yielding occurs. For most of the sands investigated, rϭ0. Therefore, for these materials d v a /d v c ϵconstant, and the volumetric strain in- crement of the structured geomaterial is proportional to that of the material at the selected reference state. For many of the clays investigated, rϭ1. Based on the experimental data examined, it may be tentatively concluded that the value of r is dependent only on the mineralogy of the geomaterial; consequently, parameter r may be treated as an intrinsic soil intrinsic. The following data support this conclusion.
No influence of the following factors on the value of r was observed: sample preparation methods for granular materials ͑e.g., Toyoura sand; see Fig. 16͒ , size of the particles ͑e.g., crushed rock; see Fig. 17͒ , sample disturbance ͑e.g., soft marine clay and soft rock; see Figs. 7 and 20͒, and the change of soil structure by aging ͑e.g., a residual clay; see Fig. 6͒ . In two cases a variation of r was observed within notionally the same material. One case involves a soft clay treated by lime ͑Fig. 22͒, for which the value of r increased with the content of lime. The other involves a kaolinite treated with different chemicals, for which the value of r varied with the chemical species. In both situations, the change in r can be interpreted as being associated with the change in mineralogy.
For most geomaterials considered in this paper, the value of parameter b is positive. This corresponds to the situation where the position of the structured geomaterial in the e -pЈ space is above that of the material at the selected reference state and is more compressive than the latter. For three cases, negative values for b were found. This corresponds to the situation where the position of the structured geomaterial in the e -pЈ space is below that of the material at the selected reference state and is less compressive than the latter.
It is observed that the parameter b is dependent on the structure as well as the mineralogy of the geomaterial. As can be seen in the tests on soft marine clays ͑Fig. 7͒, the initial voids ratios decrease with the sample disturbance, and the value of b decreases accordingly. However, a detailed and quantitative description of parameter b is very complicated and could not be formed due to the lack of experimental data of sufficient quality and type. A pragmatic approach is suggested here, in which values of b are determined for each individual engineering problem. For example, parameter b may be expressed as a function of the lime content for the soft Louiseville clay reported by Locat et al. ͑1996͒ ͑Fig. 22͒, because the value of b clearly increases with the lime content. For the alluvial marine clay, the value of b decreases with the degree of sample disturbance ͑Fig. 7͒. For the reinforced sand ͑Fig. 24͒, the value of b increases with the number of layers of geotextile.
Based on Eq. ͑9͒, the following expression for parameter b can be obtained for a structured geomaterial with rϭ0:
where e A and e B are voids ratios for the structured material at stress states A and B; e A * and e B * are voids ratios for the material at the selected reference state at stress states A and B; and A and B are two selected virgin yielding stress states.
Initial Yield Stress p y,i Ј and Current Yield Stress p y Ј
The formation of the structure of a geomaterial is an extremely complicated process that is dependent on the geological and stress histories of the soil. These are features that usually cannot be traced accurately for most natural geomaterials. However, it has been observed in this study as well as previous studies ͑e.g., Leroueil and Vaughan 1990; Liu et al. 2000a͒ that the influence of the structure, at least for the compression behavior, can be adequately modeled in terms of an initial yield stress and some scalar model parameters, irrespective of the origin of the structure. The current yield stress is dependent on material structure as well as the stress history. It is proposed that the current yield stress is equal to the initial yield stress for loading with pЈ Ͻp y,i Ј , that it increases monotonically during virgin yielding, and that its value is numerically equal to the largest mean effective stress the soil has ever experienced. This hypothesis is expressed as Assumption 1 and shown mathematically in Eq. ͑6͒.
It is found that Assumption 1 is an acceptable approximation for many structured geomaterials under monotonic loading and repeated loading with a small number of cycles. Some of the experimental data which support this assumption can be found in works by researchers such as Mesri et al. ͑1975͒, Locat and Lefebvre ͑1985͒, Cotecchia ͑1996͒, Nash et al. ͑1992͒, Carter and Airey ͑1994͒, Butterfield and Baligh ͑1996͒, and Cuccovillo and Coop ͑1999͒. Among the tests quoted for simulation, there are seven cases where the variation of the yield stress with loading can be examined. It is seen that Assumption 1 gives a very accurate description of the variation of the yield stress for two cases ͑see Figs. 8 and 9͒, and gives a reasonably good approximation of the variation of the yield stress for three cases ͑see Figs. 11, 20, and 21͒. However, there are two exceptions. For the test on natural Osaka clay ͑Fig. 5͒, the soil was first loaded to a stress state with v Јϭ180 kPa exhibiting virgin compression behavior, then allowed to swell, and subsequently reloaded. The value of the yield stress for reloading is found from the experimental data to be 110 kPa, not the maximum mean effective stress the soil has experienced ͑180 kPa͒.
For the limestone residual clay ͑Fig. 6͒, the structure of the clay develops after initial loading ABC. Hence, the yield stress for reloading along stress path CD has a new initial yield stress, and its value is greater than the maximum vertical effective stress the soil has experienced. An attempt was made to model the progress of this development of soil structure. In order to indicate clearly the soil behavior, the experimental data points for the structured soil are linked by a thin solid line ͑see Fig. 6͒ . There are two stages in the simulation, ABC and CDE. The original soil structure was formed during the sedimentation process. After swelling from B to C, the soil structure was allowed to develop further through aging by keeping the vertical effective stress constant for 90 days; therefore, the initial soil structures at points A and C are different, and two sets of soil structure parameters are identified. One is for virgin consolidation AB, and the other is for virgin consolidation DE. The second initial yield stress for reloading after swelling is clearly observed in the test data and is found to be 66 kPa. It is greater than the maximum vertical stress the soil experienced during the initial consolidation from A to B, 49.5 kPa, demonstrating that further soil structure developed while the soil was held under constant stress for 90 days.
Elastic Behavior
Assumption 2 states that, during purely elastic behavior, the deformation of the geomaterial is independent of the material structure. This assumption is an approximation. It has been widely reported that the elastic deformation properties of a geomaterial are influenced by the structure ͑Burland et al. 1996͒. As can be seen from a general report by Tatsuoka et al. ͑1997͒, the detailed elastic behavior of a geomaterial is extremely complicated. Almost inevitably a geotechnical engineer has to select an approximate equation for the elastic deformation, according to the accuracy required for a practical problem. For 16 out of the 22 cases presented, shown in Figs. 4 -13 and 20-25, it is possible to examine the accuracy of Assumption 2. It is seen that Assumption 2 provides a reasonably good representation of the purely elastic behavior of structured geomaterials for all situations except for three cases, i.e., Figs. 7, 11, and 21 . Consequently, for most practical purposes, it is concluded that the elastic deformation properties of geomaterial may be assumed to be independent of its structure.
Conclusions
Based on three assumptions, a simple but general compression model for structured geomaterials was formulated within the general theoretical framework of the disturbed state concept proposed by Desai ͑2001͒. The work can be considered as a generalization of a model proposed by Liu et al. ͑2000a͒ , which is suitable for describing the compression behavior of structured clays only. The new model was used to simulate the compression behavior of geomaterials such as clays, clayshale and clay with fissures, sands, crushed rock, calcareous clay and sand, soft rock, soils artificially treated by adding chemicals, soil reinforced by geotextiles, and unsaturated and compacted soil. It has been demonstrated that the proposed unified model can describe successfully the behavior of these materials, which cover a wide range of structures under both monotonic and cyclic loading. The following features of the behavior of structured geomaterials have been observed: 1. Although the value of the initial yield stress for a structured geomaterial is dependent on the structure of the material, the current yield stress for a structured geomaterial after the onset of virgin yielding can be assumed as the maximum stress the material has ever experienced, unless the material is allowed to age under the maximum applied stress. 2. The assumption that the elastic properties of structured geomaterials are independent of its structure describes the elastic behavior of many geomaterials reasonably well. 3. It is found that the disturbed state concept provides a powerful method to describe the influence of material structure on the behavior of geomaterials and the destructuring that is caused by compression. It is demonstrated that a unique equation is obtained to represent the influence of the material structure despite the large diversity in the behavior of geomaterials at the selected reference states. The proposed model describes the compression behavior of geomaterials with various structures using one general disturbance function. The writers plan to formulate a complete threedimensional model for structured geomaterials in the future by also defining the disturbance function for shearing.
